Purpose: To devise a comprehensive multiplatform genetic testing strategy for inherited retinal disease and to describe its performance in 1000 consecutive families seen by a single clinician.
When the first inherited retinal disease genes were discovered in the late 1980s and early 1990s, 1e3 ophthalmic genetics largely was a descriptive subspecialty. The primary goals of the ophthalmologist were to give the patient's condition a name and to try to discern the inheritance pattern so that one could give the patient and his or her family members a reasonably accurate estimate of the risk that other family members would be affected with a similar disease. At that time, the chance that a molecular diagnosis could be accomplished for the average patient with an inherited retinal disease was less than 5%, and such tests were performed by only a few research laboratories.
The main limitations to molecular diagnosis in the early 1990s were the overall lack of knowledge of the human genome and the relatively crude and laborious methods for investigating it. An often underappreciated positive effect of those limitations was that molecular tests in the early 1990s tended to be very focused by the clinical features of the family being studied. For example, one would not have sequenced the rhodopsin gene in a person with the clinical features of Best disease, and thus would not have been in a position to observe a rare nonedisease-causing polymorphism in the rhodopsin gene and incorrectly conclude that it was disease-causing in that patient.
Many things have changed in ophthalmic genetics in the past 25 years, perhaps most notably the successful use of gene therapy for inherited retinal disease, 4e6 the more widespread availability of preimplantation genetic testing to reduce the recurrence of severe genetic diseases, and the introduction of clustered regularly interspaced short palindromic repeats-based genome editing, 7e9 which, when coupled with induced pluripotent stem cells 10, 11 and in vitro retinal differentiation, have the potential to generate immunologically matched genetically corrected cells for therapeutic transplantation. 10, 11 The advent of these genedirected interventions have increased both the value and the risks of genetic testing. For these treatments to work, one must know the disease-causing gene and in some cases the exact disease-causing mutations with complete accuracy. The diagnostic goal of the clinician is no longer just to give the clinical findings a name; rather, it is to identify the patient's disease-causing genotype with sufficient accuracy that the probability that a gene-directed intervention will help the patient is significantly greater than the possibility that it will cause harm.
Fortunately, genetic testing methods also have changed dramatically in recent years. What was once considered to be the largest scientific undertaking of mankind, the sequencing of the entire human genome 12, 13 can now be accomplished in an individual patient in just a few weeks' time for a few thousand dollars. This has led some to believe that experienced clinicians are now less necessary for the care of patients with inherited diseases and that the tests themselves are so powerful that they can provide the correct answer in almost any clinical situation regardless of the quality or quantity of accompanying clinical information. Actually, the reverse is true. As genetic tests have become larger in scope and sensitivity, the need for exceptionally detailed and accurate clinical information also has increased. This is primarily because there is a lot of normal variation in the human genomedmillions of genetic differences between any 2 healthy individualsdand as a result, very broad investigations will always result in multiple plausible disease-causing findings that will need to be winnowed to 1 on clinical grounds.
We undertook this study for several related purposes: (1) to determine the current overall sensitivity of genetic testing for inherited retinal disease, (2) to determine the relative frequencies of inherited retinal disorders seen in a single North American eye clinic, (3) to determine the proportions of these diseases caused by mutations in specific genes, (4) to develop a teachable algorithm for pretest clinical diagnosis, (5) to evaluate the efficiency of a clinically driven tiered genetic testing strategy, and (6) to provide practicing ophthalmologists some insight into the complexity of nextgeneration sequencing (NGS) data and the obligation to apply corrections for multiple measurements to these data.
Methods

Participants
This study was approved by the institutional review board of the University of Iowa and adhered to the tenets set forth in the Declaration of Helsinki. All patients seen by a single clinician (E.M.S.) in the Retina Clinic of the Department of Ophthalmology and Visual Sciences, University of Iowa, between January 2010 and June 2016, who were judged by that clinician to have a monogenic heritable component to their eye disease and who were 60 years of age or younger when first symptomatic, were offered inclusion in the study. Those who chose to participate (more than 99% of those invited) provided written informed consent. In many cases, additional family members also were invited to participate in the study at the time of the original clinic visit, at a later visit, or by sending samples and records by mail. Patients with the following clinical diagnoses were excluded from the cohort: age-related macular degeneration, central serous retinopathy, autoimmune retinal disease, and acute zonal occult outer retinopathy.
Clinical Assessment
All probands and available family members underwent a complete eye examination including visual acuity assessment, intraocular pressure measurement, evaluation of ocular motility and pupils, slit-lamp biomicroscopy, and indirect ophthalmoscopy. Most patients also underwent Goldmann perimetry, color fundus photography, and spectral-domain optical coherence tomography. A subset of patients underwent one or more of the following: assessment of color vision, reduced intensity autofluorescence imaging, 14 fluorescein angiography, or electroretinography, according to International Society for Clinical Electrophysiology of Vision standards. 15 
Diagnostic Classification
All available historical, clinical, electrophysiologic, and imaging data from each participant were digitized and re-reviewed by a single clinician (E.M.S.) for the purpose of placing each of the 1000 probands into an objectively defined clinical category. A patient's genotype was never used to place him into a category. Even when a clinical diagnosis seemed to be incorrect after genetic testing (such as the de novo rhodopsin mutation that mimicked autosomal recessive early childhood onset retinal dystrophy in a young girl; patient 442 in Table S1 , available at www.aaojournal.org), the original clinical diagnosis was retained. The purpose of this objective assignment was to allow us to determine how many patients of 1000 would fall into each specific clinical category and which genes were responsible for disease in each of these objectively defined categories. The names and inclusion criteria for most of the 96 resulting diagnostic categories (Fig 1; Table 1 ) are for the most part well defined in the existing clinical literature. However, in a few cases, some empiric rules were established to define the borders between categories more clearly (see "Results"). Also, the higher-order grouping of the individual categories was somewhat nonstandard and was chosen to minimize the number of decisions or clinical tests that were needed to place a patient into a category.
Disease Genes
The published literature was reviewed to identify all genes that had been shown convincingly to cause genetic retinal disease. These 305 genes (Table S2 , available at www.aaojournal.org) were divided into 2 groups based on whether a gene was known to cause some combination of severe progressive loss of cognition, neuromuscular control, significantly shortened life expectancy (43 genes) or not (262 genes). The published literature also was reviewed to identify the retinal phenotypes that had been associated previously with each of these 305 genes, and these data were used to associate each gene with 1 or more of the 96 diagnostic categories shown in Figure 1 , Table 1, and Table S2 (available at www.aaojournal.org). The 43 genes associated with the more severe systemic diseases were included in the analysis only when clinical features suggestive of a debilitating systemic phenotype already were manifest.
DNA Extraction
Blood samples were obtained from all probands (n ¼ 1000) and available family members (n ¼ 2348), and DNA was extracted by using the manufacturer's specifications for whole-blood DNA extraction using Gentra System's Autopure LS instrument (Valencia, CA).
First-Tier Genetic Testing
A preliminary mutation detection probability distribution 16 was established for each of the 96 clinical categories using a combination of the published literature and the anonymized summary experience of the Carver Nonprofit Genetic Testing Laboratory at the University of Iowa. These mutation detection probability distributions were used to devise focused screens designed to detect the most common disease-causing alleles of the most common genes associated with each of the diagnostic categories. These screens each used 1 or more of the following approaches: automated Sanger sequencing with an ABI 3730xl sequencer (Carlsbad, CA), allele-specific genotyping with a Fluidigm EP1 (South San Francisco, CA) an Amplification Refractory Mutation System, 17 chromosomal microarray analysis, plasmid cloning of polymerase chain reaction (PCR) products followed by Sanger sequencing, or a combination thereof. Variants were considered disease-causing if they met our previously published criteria 18 for an estimate of pathogenic probability (EPP) of 2 or 3. A genotype was considered convincing, and the patient included in the calculation of the solve rate for that diagnostic category, if it consisted of a heterozygous mutation with an EPP of 2 or 3 in a gene known to cause a dominant disease, a hemizygous mutation with an EPP of 2 or 3 in a gene known to cause X-linked disease, or 2 mutations (suspected to lie on separate alleles by direct observation or statistical inference) each with an EPP of 2 or 3 in a gene known to cause recessive disease.
Cloning and Sequencing of RPGR Exon 15
To detect mutations in the low-complexity region of RPGR exon 15, Sanger sequencing of TA-cloned PCR products was performed. Patient DNA was PCR amplified and the products were gel purified and TA cloned into the pCR 2.1 TOPO Vector using the TOPO TA Cloning Kit (Invitrogen, Grand Island, NY). TA-cloned PCR products were transformed using One Shot TOP10 chemically competent cells (Invitrogen). Transformed cells subsequently were streaked and cultured on AIX plates (AIX, Aachen, Germany) for blue-white colony screening. Validated clones were picked, expanded in LB broth, purified, and Sanger sequenced on the ABI 3730xl sequencer using optimized sequencing chemistry.
Next-Generation Sequencing
Whole-exome sequencing was performed using the Agilent v5 exome kit (Santa Clara, CA) with the addition of custom xGen Lockdown probes (IDT, Coralville, IA) to target regions of the genome relevant to eye disease that are not well covered in the standard exome kit. These regions cover known noncoding mutations in CEP290, USH2A, ABCA4, and the long-or mediumwavelength opsin cluster, in addition to insufficiently covered coding exonic sequence in genes such as ABCC6 (all bait sequences available on request). Whole-exome sequencing was performed using the Illumina HiSeq 2500 or 4000. Whole-genome sequencing was performed using the HiSeq X (Hudson Alpha, Huntsville, AL). Sequences were aligned to the genome using BWA. 19 Single nucleotide variations and small insertions and deletions were called using GATK. 20 Structural variants were called using Conifer 21 and Manta. 22 
Calculation of the False Genotype Rate
Genetic variations that cause rare, high-penetrance, monogenic diseases also are rare in the population, and most genotyping pipelines, including ours, remove variants that are too common to cause the rare diseases under study. For this project, the cutoff for recessive variants was set at 0.006 (the frequency of the more common well-established disease-causing mutations in ABCA4), the cutoff for mitochondrial variants was 0.004 (the frequency of the most common Leber hereditary optic neuropathy variant, 11778), and the cutoff for dominant disease was set at 0.0001 (the frequency of the most common well-established mutations in RHO). The frequency at which one would encounter a variant at or below these thresholds in healthy people is proportional to the amount of exomic sequence analyzed and was measured directly by applying the pipeline cutoff values to the whole-exome data from the 60 000 healthy individuals collected by the Exome Aggregation Consortium (ExAC 23 ) and mitochondrial variants observed in 32 000 healthy individuals in MitoMap. 24 We defined the false genotype rate (FGR) as the frequency with which one would encounter a plausibly disease-causing recessive or dominant complete genotype when sequencing the coding regions of a specific set of genes in a healthy person. We used the ExAC data to calculate FGR values for each group of genes mapped to each specific clinical category (Fig 1) . The FGR conceptually is very similar to the commonly used false discovery rate. We chose the term false genotype rate for the current analysis because: (1) we had recessive complete genotypes for some genes and dominant mutations for others; (2) the recessive genotypes were not observed directly, but rather were modeled from data from the ExAC database; and (3) we wanted to convey fully the associated risk of incorrect genetic test results.
Calculation of Genetic Test Costs
For each diagnostic category, a specific sequence of tests was devised based on the mutation detection probability distribution 16 for that category obtained from both the published literature and the anonymized experience of the Carver Nonprofit Genetic Testing Laboratory at the University of Iowa. During development, each step in the testing sequence was optimized by subjecting it to a cost analysis (available on request). For the analysis in this article, the research cost of the currently recommended sequence of tests for each patient was calculated based on their clinical diagnosis before testing (details of the specific testing order, primer sequences, PCR conditions, etc., for any diagnostic category are available from the authors on request). The current research costs of the test components are DNA extraction and quality control genetic markers, $40; Amplification Refractory Mutation System reaction, $38; one set of 44 alleles assayed using the Fluidigm system, $35; bidirectional Sanger sequencing of 1 PCR amplimer, $20; chromosomal microarray analysis, $500; TA cloning and bidirectional sequencing of RPGR exon 15 codons 762 to 1100, $650 for males and $975 for females; whole-exome sequencing, analysis, and confirmation, $1200; and whole-genome sequencing, $2450.
Results
The 1000 probands in this study were from 40 different states, the District of Columbia, and 7 foreign countries (Fig S1, available at www.aaojournal.org). Four hundred eighty-nine were female and 511 were male. The average age at entry into the study was 37.3 years (36.3 years for males and 38.5 years for females); the range was 8 months to 88 years. Plausible disease-causing genotypes were identified in 760 of these probands, 393 males and 367 females (Table S1 , available at www.aaojournal.org). The average age at entry into the study was very slightly younger for those in whom a disease-causing genotype was identified (34.9 years for males and 37.7 years for females).
The clinical classification system (Fig 1; Table 1 ) used in this study was devised as a means for clinicians who see adults and older children with inherited retinal diseases (1) to communicate efficiently their clinical impressions to the molecular diagnostic laboratory charged with identifying the patients' disease-causing mutations and (2) to narrow the pretest hypothesis to the smallest number of genes possible at our current level of clinical understanding. For the most part, the names used to refer to the individual clinical entities in the classification system are in common clinical use, and only the higher-order grouping of these terms is in any way unusual. This grouping was chosen to keep entities with similar genetic causes as close to one another as possible in the diagnostic tree so that if the initial screening showed negative results, a laboratory could enlarge the molecular hypothesis recursively in the most statistically efficient manner. For example, PRPH2-associated pattern dystrophy and ABCA4-associated Stargardt disease can cause almost identical clinical findings in selected patients. As a result, these categories are adjacent to each other in the classification scheme. If screening results of ABCA4 were negative, the laboratory would screen PRPH2 (even without a dominant family history) before moving on to screen larger genomic spaces. The most clinically homogeneous and genetically heterogeneous groups were those affected with nonsyndromic acquired photoreceptor degeneration (retinitis pigmentosa, group IA1a; and cone or coneerod dystrophy, group IA1b; Fig 1) . Multiplex kindreds belonging to these large categories were subdivided according to their pedigree structure as follows: (1) X-linked (affected males in multiple sibships connected to each other through unaffected or mildly affected females with no instances of male-to-male transmission), (2) autosomal dominant (a minimum of 3 generations with at least 1 instance of male-tomale transmission), (3) autosomal recessive (multiple affected individuals in a single sibship with healthy parents), and (4) other multiplex (all other multiplex kindreds).
Placement into 1 of the first 3 categories of congenital or stationary photoreceptor disease (IA2aec) required clear historical evidence of parental or physician awareness of significant visual dysfunctiondmore than just night blindnessdbefore the patient's fourth birthday. These patients were further divided into (1) Leber congenital amaurosis if their visual acuity was so poor that they did not use it for education or activities of daily living; (2) severe early childhood-onset retinal dystrophy 25 if they had useful vision but became legally blind before 10 years of age; or (3) early childhood-onset retinal dystrophy if they were not legally blind before 10 years of age. Patients were diagnosed with congenital stationary synaptic dysfunction (IA2g) if they had stable reduced acuity from birth, selective loss of the B-wave on the scotopic electroretinogram, and diminished B-wave amplitudes on the photopic electroretinogram, but no difficulties with vision in dim light. As the clinical records for the 1000 patients and their relatives were reviewed to place them into these categories, it became evident that 10 types of easily obtainable historical information were of particular value in reproducibly assigning patients to these categories, and a form was created to assist physicians in acquiring these historical data in a prospective manner (Table S3 , available at www.aaojournal.org).
For this study, patients could be assigned to a higher-order point in the classification system if there were insufficient data to make a more specific assignment. For example, isolated patients with retinitis pigmentosa were assigned to IA1a, whereas a member of an autosomal dominant family with affected individuals in 3 generations and clear male-to-male transmission was assigned to IA1aii. Of the 96 possible locations a proband could be placed in this classification system, only 62 were used at least once when subdividing the 1000 probands in this study (Fig 1; Table 1 ). Figure 2 shows the breakdown of the 1000 probands among the most common diagnostic categories, whereas Figure 1 shows the frequency with which a convincing disease-causing genotype could be identified in each of these categories. In this cohort, 64.7% of the probands had photoreceptor disease (category I), 28.2% had a macular dystrophy (category II), and 7.1% had 1 of the 42 entities of the category III. Overall, convincing genotypes were identified in 76% of the probands with the highest positivity among those with a macular dystrophy (88.3%). With 4 exceptions, patients with autosomal recessive disease were considered positive only if they had both disease alleles identified. The exceptions were patients with a clinical diagnosis of Stargardt disease (23 probands), Usher syndrome (2 type-1 and 5 type-2 probands), achromatopsia (1 proband), and homocystinuria (1 proband), each of whom were found to have a convincing disease-causing mutation on only 1 allele (the FGR was less than 1% for each of these pretest hypotheses). Figure 1 also shows the genetic heterogeneity of each of the 62 clinical categories with at least 1 patient assigned to it in this study. The most heterogeneous category was simplex retinitis pigmentosa (IA1a), which had disease-causing mutations identified in 36 different genes and a total solve rate of only 56.7%. The least heterogeneous category with at least 10 probands in it was choroideremia (IIIA1), which had a 100% solve rate in 14 patients, all with mutations in a single gene (CHM). Figure 3 , Table 2 , and Table S4 (available at www.aaojournal.org) show the frequencies of disease-causing genotypes in each of the 104 genes that were found to cause disease in at least 1 family in the cohort. ABCA4 was the single most common disease-causing gene and was responsible for disease in 173 families. Twelve additional genes, USH2A, RPGR, RHO, PRPH2, BEST1, CRB1, BBS1, CEP290, PRPF31, CHM, RS1, and RP1 each caused disease in 1% or more of the cohort, and these 13 genes collectively were responsible for disease in almost one half of the families (n ¼ 497). The remaining 91 genes each caused disease in less than 1% of the cohort and collectively caused disease in 26.2% of the total. Thirty genes each caused disease in a single family, and 1 family had a de novo chromosomal translocation. This cohort is certainly not a random sample of the United States population. However, it was ascertained consecutively, and was drawn from 40 of the 50 states of the United States. Thus, we believed that it would be reasonable to use these data to provide a rough estimate of the total number of individuals affected with each gene-specific disease in the country. Assuming that mutations in ABCA4 cause disease in 1 of 10 000 people, 26 Table 2 gives an estimate for the total number of people of all ages in the United States with mutations in this gene. Similarly, by using 2010 United States census data that show 20.2 million people in the United States younger than 5 years, 27 one can also estimate the number of new cases of each gene-specific retinal disease in the United States per year. Collectively, these data suggest that there are currently approximately 140 000 people in the United States affected with 1 of the diseases evaluated in this study and approximately 1700 new cases per year. Figure 4 depicts a cost and yield comparison of 2 different strategies one could use for genotyping the 1000 probands of this study. In 1 case, whole-exome sequencing would be performed on every proband and the resulting data would be evaluated for mutations in the 301 nonmitochondrial genes selected for Table showing the distribution of patients and molecular findings across all levels of the clinical classification system. The structure of the classification system is shown at left with the common clinical terms for each phenotypic group shown in the adjacent column. The "Total" column provides the number of probands assigned to each clinical group, whereas the "Solved" column shows the number of probands in each group with a disease-causing genotype identified. The "Genes" columns provide the number of genes that have been observed to cause the diseases of that clinical group in the published literature, at the University of Iowa, or both. The false genotype rate ("FGR") columns give the percentage of healthy individuals who would be expected to inclusion in this study (see "Methods"). In this case, the cost to genotype each patient would be the same ($1200; see "Methods"), and the overall yield would be 70%. The mutations that would be missed would be those that lie in noncoding sequences (e.g., nonexomic mutations that cause Stargardt disease, 28 Usher syndrome, 29 retinitis pigmentosa, 30 Leber congenital amaurosis, 31, 32 and North Carolina macular dystrophy 33 ), mitochondrial DNA (e.g., mutations that cause Leber hereditary optic neuropathy 34 and maternally inherited diabetes and deafness 35 ), and repetitive regions (e.g., the repetitive region of RPGR exon 15 36e38 ). In the other case, one would use a tiered testing strategy in which the testing was customized based on the clinical findings and testing would be stopped as soon as a complete genotype was identified. With the latter strategy, the cost would range from $80 per patient (for those in whom a complete genotype was identified in the initial tier of testing) to more than $2500 per patient for those who did not have a complete genotype found on prescreening and were judged suitable for whole-genome testing (see "Methods"). With this tiered strategy, the average cost per patient would be 17.7% less ($990) than performing wholeexome sequencing in everyone and the sensitivity would be a 6.1% higher because of the findings one would make in the noncoding regions, mitochondrial genes, and repetitive DNA that were included specifically in the clinically focused tests. Figure 5 depicts the more important difference between the 2 screening strategies: the effect on the FGR. Genetic variants that are rare enough in the general population to cause a Mendelian retinal disease are surprisingly common in whole-exome sequencing data. In this study, the population frequency cutoff was set according to the most common well-established retinal disease-causing mutations (see "Methods"). If one applies these criteria to the sequence data from the 60 000 healthy individuals in the ExAC database, 23 one observes an average of 1.28 plausible disease-causing genotypes per person among the coding sequences of the 301 nonmitochondrial candidate genes considered in this study. Another way to state this is that with a coding sequence hypothesis comprising 301 genes, there is an average FGR (see "Methods") of 128%. For most medical tests, one would want positive results to occur by chance no more than 5% of the time, and for tests that would be used as the basis of preimplantation genetic testing or subretinal gene therapy, one might argue that it should be even less frequent. Figure 5 shows that one can reduce the FGR to clinically useful levels by narrowing the pretest hypothesis to a relatively small number of genes. A tiered testing strategy linked to the clinical classification system in this study would identify plausible disease-causing genotypes in 48.7% of the cohort with an FGR less than 5%. Figure S2 (available at www.aaojournal.org) shows that one also can reduce the FGR per category at a given institution by first considering the genes that have been observed previously to cause disease in patients seen at that institution and then, if the results are negative, considering a larger literaturebased group of candidates and adding a statistical penalty for the additional hypothesis. The rationale for this 2-step analysis is that the previous 1000 patients seen in a given institution are likely to be more genetically similar to the next 1000 patients seen there than they will be to the entire world population represented in the published literature.
For patients whose FGR is more than 5%, which using the tiered strategy is most commonly the result of our current inability to reduce the genetic heterogeneity of categories like simplex retinitis pigmentosa on clinical grounds (Fig 1) , it is especially important to confirm the phase or segregation, or both, of their putative disease-causing variant(s) and to be a bit more skeptical of molecularly weaker genotypes such as those entirely comprising novel missense variants. Table 3 shows the distribution of the 760 disease-causing genotypes identified in this study among inheritance patterns and mutation types. Of the genotypes, 2.5% involved molecularly confirmed de novo variants, which is a considerable underestimate of the actual de novo rate given that sufficient family samples to evaluate both parental alleles were available in less than 65% of families.
Five Illustrative Patients
Patient A was a 47-year-old man who first noted in his 20s difficulty following the flight of a ball after it was thrown in the air (patient 375 in Table S1 , available at www.aaojournal.org). In his early 40s, he was examined and believed to have cone dystrophy. He has no family history of a similar disorder. Our examination revealed best-corrected visual acuity of 20/50 in the right eye and 20/80 in the left eye. Ophthalmoscopy revealed an iridescent golden sheen to the entire posterior pole with the exception of a reddish atrophic circular area 1.5 mm in diameter centered on the fovea in both eyes (Fig 6A) . Optical coherence tomography showed a sharply demarcated loss of photoreceptors and retinal pigment epithelium (RPE) corresponding to the atrophic area seen on fundus examination (Fig 6B) . Goldmann perimetry revealed a loss of the I2e isopter as well as a central scotoma to the III4e (Fig 6C) . Plasmid cloning and DNA sequencing of the repetitive portion of RPGR exon 15 revealed a 2-base pair deletion in codon 1059. RPGR codons 800 through 1070 are poorly covered by whole-exome sequencing, and this mutation is undetectable with this method. It is also interesting that some frameshifting mutations in this exon are associated with a late-onset cone-selective disease, 37, 38 as seen in this patient, whereas similar mutations elsewhere in the gene cause severe rod predominant retinitis pigmentosa.
Patient B was an 8-year-old boy who first noted difficulties seeing in dim light in early childhood. His maternal grandfather had been diagnosed with choroideremia. On examination, his visual acuity was 20/32 À1 in the right eye and 20/32 À2 in the left eye. Ophthalmoscopy revealed extensive nummular areas of RPE and choriocapillaris loss each surrounded by a thin rim of harbor a plausible disease-causing complete genotype by chance in any of the genes assigned to each clinical category in the published literature, at the University of Iowa, or both. "PV" is the average number of plausible disease-causing variants one would expect to observe in a healthy individual by chance in any of the genes assigned to each clinical category in the published literature. The bar lengths represent the percent of solved cases for each clinical category, whereas the alternating shades represent the proportional contributions of each gene in descending order. Gene names are given for any genes that cause at least 15% of the disease in a given category. Blue bars indicate categories with an FGR less than 5%, whereas grey bars indicate categories with an FGR of 5% or more. AD ¼ autosomal dominant; ADNIV ¼ autosomal dominant neovascular inflammatory vitreoretinopathy; AR ¼ autosomal recessive; CSNB ¼ congenital stationary night blindness; CSSD ¼ congenital stationary synaptic dysfunction; DDND ¼ developmental delay and/or neuromuscular degeneration; ECORD ¼ early childhood-onset retinal dystrophy; EV ¼ erosive vitreoretinopathy; FEVR ¼ familial exudative vitreoretinopathy; HMA ¼ homocystinuria with macular atrophy; HPCD ¼ helicoid peripapillary chorioretinal degeneration; LHON ¼ Leber hereditary optic neuropathy; MCLMR ¼ microcephaly with or without chorioretinopathy, lymphedema and mental retardation; MIDD ¼ maternally inherited diabetes and deafness; SECORD ¼ severe early childhood-onset retinal dystrophy; XL ¼ X-linked.
hyperpigmented RPE (Fig 7A) . The retinal arterioles were near normal in caliber. The Goldmann visual fields were surprisingly well preserved for this degree of retinal loss (Fig 7B) . His mother (patient 938 in Table  S1 , available at www.aaojournal.org) and sister both exhibited so-called mudspattered pigment mottling of the fundus consistent with the carrier state of an X-linked disease. Conventional DNA sequencing failed to detect a mutation in the CHM gene. However, the phenotype and history were so convincing that whole-genome sequencing was performed in the child and revealed a complete duplication of CHM exons 6 through 8, which had been invisible to the nonquantitative PCR-based DNA sequencing.
Patient C was a 48-year-old woman whose macular pigment mottling first was noted incidentally on fundus examination at 33 years of age (patient 920 in Table S1 , available at www.aaojournal.org). Her best-corrected visual acuity on examination was 20/20 in the right eye and 20/60 þ2 in the left eye. Ophthalmoscopy revealed patchy loss of the RPE and choriocapillaris in the left eye more than the right eye (Fig 8A and B) . Fundus autofluorescence revealed more extensive involvement than was visible ophthalmoscopically (Fig 8C and D) . Gestational diabetes developed at 27 years of age, and she was diagnosed with type 2 diabetes at 32 years of age. Her mother and maternal aunt are both diabetic as well. She demonstrated hearing loss in her mid 30s and now wears hearing aids. Polymerase chain reactionebased conventional DNA sequencing revealed a heteroplasmic mutation in the mitochondrial DNA at position 3243, which is known to cause an atrophic maculopathy with maternally inherited diabetes and deafness. 35 Whole-exome sequencing does not assess mitochondrial DNA routinely, and as a result, this mutation would have been missed unless it was specifically sought because of her phenotype.
Patient D was a 10-year-old girl who first had difficulty seeing the blackboard in school at 7 years of age. She had a family history of a similar disease in her father. Her best-corrected visual acuity Ophthalmology Volume 124, Number 9, September 2017 on our examination was 20/200 þ2 in the right eye and 20/200 þ1 in the left eye. Ophthalmoscopy revealed a circular area of RPE atrophy 1 mm in diameter centered on fixation in both eyes and yellow pisciform flecks throughout the posterior pole in both eyes (Fig 9A) . Optical coherence tomography revealed thinning of the outer nuclear layer and disruption of the ellipsoid zone in an area somewhat larger than the area of RPE atrophy (Fig 9B) . Goldmann perimetry results were normal except for small central scotomas to the I4e in both eyes (Fig 9C) . Sanger sequencing of the coding portions of the ABCA4 gene revealed a single heterozygous missense mutation (Leu2229Pro). Sequencing of nonexomic regions previously shown to harbor disease-causing mutations revealed a previously described 28 cryptic splice activator on the allele opposite the missense variation (IVS36þ1216 C/A). The nonexomic mutation would not have been captured by any currently available commercial exome capture reagents.
Patient E was the 42-year-old father of patient D who first noted difficulty with his central vision at 6 years of age (patient 804 in Table S1 , available at www.aaojournal.org). The following year he was diagnosed with Stargardt disease, and by 13 years of age, his acuity had fallen to 20/400 in the right eye and 20/240 in the left eye. On this visit, his acuity was 20/800 in the right eye and 20/250 in the left eye. Ophthalmoscopy revealed an elliptical zone of RPE and choriocapillaris atrophy centered on fixation, very narrowed arterioles, and extensive bone-spicule-like pigment in the midperiphery in both eyes (Fig 10A) . Optical coherence tomography (Fig 10B) revealed preservation of inner retinal lamination even in the area of macular atrophy. Goldman perimetry revealed complete loss of sensitivity to the I4e stimulus throughout the visual field and an absolute scotoma inferonasally in both eyes (Fig 10C) . This patient shared the IVS36þ1216 C/A nonexomic mutation with his daughter and harbored an Arg2077Trp variant on his other allele. Schindler et al 39 found the Arg2077Trp variant to be the most severe Stargardt allele of the 16 they evaluated. This is consistent with the more severe retinitis pigmentosaelike phenotype in this individual. Thirteen genes each caused disease in 1% or more of the probands in this study (left of dashed vertical line), whereas the other 91 each caused disease in less than 1%. These data are presented in more detail in Table 2 . 
Discussion
Data that are used to arrive at a diagnosis are often incomplete, noisy, and somewhat biased. After a diagnosis is made, treatment outcomes also depend on individual patient variation, the point in the disease course that a treatment is administered, and in some cases, the skill of a surgeon in delivering a treatment to the desired anatomic location. Most physicians effectively combat these challenges with systematic actions, good record keeping, and periodic review of their outcomes in the context of new knowledge. The purpose of this study was to review the clinical and molecular findings from 1000 consecutive families affected with inherited retinal diseasedin the context of current technology, public databases, and literaturedto identify opportunities for improving our accuracy and efficiency in arriving at clinical and molecular diagnoses for patients with inherited retinal diseases. The consecutive nature of the ascertainment allows a rough approximation of the total numbers of individuals in the United States who are affected by various categories of disease (Table 2 ). These data may be useful as scientists try to devise and implement practical comprehensive strategies for reaching all such patients with some type of useful treatment.
The clinical classification system used in this study (Fig 1;  Table 1 ) is an empiric, internally consistent shorthand that can be used to communicate clinical observations to the laboratory efficiently for the purpose of guiding their molecular investigations, analyses, and interpretations and to align the resulting genotypeephenotype correlations with the constantly changing medical literature. This system was devised by a single clinician over many years and should not be considered a consensus view of how these disorders can be arranged most meaningfully. It is expected and desirable that other physicians will add or subtract categories from this classification scheme as needed to encompass the patients they see in their practice and to move the clinical entities around to reflect better the order in which they typically pursue a diagnostic workup and the specific diagnostic instruments routinely available to them. The power of this approach lies not in the details of the classification system, but rather in the idea of using clinical information to narrow the pretest hypothesis for the purpose of increasing the sensitivity of the testing and dramatically increasing the statistical significance of the results. To reduce the FGR to less than 5%, which would be desirable when contemplating a significant intervention such as gene replacement therapy or the preimplantation selection of embryos for disease avoidance, one would need to reduce the pretest hypothesis in most cases to fewer than 10 genes (e.g., category IA2b in Fig 1) . More than 85% of the terminal categories in the current classification scheme have an FGR of 5% or less (blue bars in Fig 1) . The remaining task for clinicians who care for patients with inherited retinal diseases is to scrutinize carefully the ones in the more genetically heterogeneous categories (grey bars in Fig  1) for subtle clinical signs that can be used to subdivide them further into entities associated with a smaller number of genes. Over time, some diagnostic categories and classification arrangements will prove more useful than others for this purpose, and an optimal scheme for all inherited eye diseases can evolve by combining the best features of many classifications based on their performance in the pretest prediction of the patients' genotypes. There are many different strategies that one can use to analyze a patient's DNA for the presence of disease-causing sequence variations, and a complete discussion of them is Graph showing statistical costs. The false genotype rate (FGR) is the average number of complete genotypes one would expect to observe by chance in a healthy individual in a specified genomic space, based on data from 60 000 healthy individuals. 23 The probands in this study are shown ordered according to the FGR associated with their clinical category (see Fig 1) . The red line indicates the FGR associated with the genes observed to cause disease in this cohort (see also Figure S2 , available at www.aaojournal.org). The dashed line indicates an FGR of 5% (i.e., the threshold at which 1 in 20 people would be expected to harbor a plausibly pathogenic, complete genotype by chance). The black bars at the bottom of the figure indicate that a disease-causing genotype was identified in this proband. Assessing the coding sequences of all 301 nonmitochondrial genes in all probands (green line) would result in an average FGR of 128% (i.e., these probands would be expected to harbor an average of 1.28 plausible, complete genotypes by chance).
well beyond the scope of this article. For the present purpose, it is sufficient to think of the many possibilities in terms of 4 attributes: (1) the degree to which a test can be customized to detect specific variations that otherwise would be missed, (2) the degree to which the test yields a dataset that can be reanalyzed in the future to discover currently unrecognized pathogenic variations, (3) the degree to which multiple platforms are used to maximize the strengths and minimize the weaknesses of each, and (4) the degree to which the patients' true disease-causing genotypes will be obscured by normal, nonedisease-causing genetic variation.
Next-generation sequencing panels have been designed for many diseases and have the advantages that they are relatively focused (compared with whole-exome or wholegenome tests), they can be customized to include specific nonexomic regions known to cause disease, and they are relatively quick and inexpensive to perform. The disadvantage of such panels is that when showing negative results, they do not allow wider analytical exploration in search of disease-causing mutations outside the genomic space covered by the panel's design. These panels have difficulty in accurately detecting variants within repetitive DNA sequences and can have difficulty detecting deletions larger than 100 nucleotides and smaller than a few exons. Moreover, most of these panels evaluate a sufficient number of genes such that the FGR associated with them is more than 5% unless the ordering physician controls this by making a firm and narrow pretest diagnosis and rigorously evaluates the results in that context.
Whole-exome sequencing has the advantage of sampling nearly all of the transcribed sequences in the human genome and can be subjected to very focused analysis to yield statistically meaningful results. If such a focused analysis shows negative results, the data can be reanalyzed to consider a larger portion of the exome, reanalyzed at a later date when new regions of the exome may have been discovered to cause a phenotype similar to the patient under study, or both. The disadvantages of whole-exome sequencing are that it is more expensive and time consuming to perform than an NGS panel and most commercial whole exome reagents are not easily customizable to analyze specific nonexomic regions of interest to specific subspecialties of medicine. Whole-exome sequencing also has difficulty with repetitive DNA and can have even greater difficulty detecting single-exon deletions than NGS-based panels. 40, 41 As shown in Figure 5 , unless one establishes a narrow pretest hypothesis and evaluates the results accordingly, whole-exome sequencing frequently will have an FGR that is so high that the results should be considered hypothesis generating at best. Whole-genome sequencing evaluates nearly all of the nonrepetitive sequences in the genome, and although it examines more than 50 times more of the sequence than wholeexome sequencing, is surprisingly only approximately twice as expensive as the latter method. It is better at detecting deletions, duplications, and inversions than whole-exome sequencing 42 and also can detect disease-causing variations in nonexomic space. 33,43e45 However, the amount of background genetic variation in the nonexomic space is so large, and our current understanding of the function of nonexomic sequences currently is so limited, that pathogenic single nucleotide variations will be completely hidden in the noise unless the pretest hypothesis is limited to only 1 or 2 genes and some functional test can be used to validate the findings. 29, 33, 46 For example, the identification of a number of nonexomic mutations in ABCA4
28 required access to a large cohort of patients with convincing clinical characteristics of Stargardt disease and only a single disease-causing mutation, as well as a rather narrow mechanistic hypothesis, altered splicing, coupled with a convincing assay of this mechanism. Similarly, the discovery of the nonexomic mutations responsible for North Carolina macular dystrophy required decades of clinical and molecular genetic work to narrow the genetic interval to less than 1 million base pairs as well as sufficient families to identify 3 different mutations tightly clustered in a single regulatory element. 33 It is also important to remember that none of the commonly used high-throughput sequencing methods can distinguish unambiguously whether 2 different mutations observed in a patient were inherited from a single parent, which would not be expected to cause autosomal recessive disease, or whether they were inherited from both parents. The phase of 2 variants is most reliably established by testing a parent or child of the proband, but in many cases also can be determined by testing siblings or more distant relatives. In multiplex families, confirming that all affected individuals actually harbor the genotype found in the proband also increases the likelihood that that genotype is truly disease-causing. 18 By reporting such properly segregating genotypes in the literature or through a specially designed database (e.g., vvd.wivr.uiowa.edu), one can strengthen the confidence in those mutations for other physicians caring for other families. It should go without saying that there is no need to use the same genotyping strategy for every patient. Some phenotypes are so characteristic that they yield a pretest hypothesis that can be evaluated with a single conventional DNA sequencing reaction, which costs less than $20 in the research setting (see "Methods"). Other phenotypes are associated with a small number of genes that still can be analyzed more quickly and with less financial and statistical cost than an entire exome or genome sequence would incur (Figs 4 and 5) .
In this study, we divided all of the inherited eye diseases seen by a single clinician over a 5.5-year period into 62 different categories, and for all but 7 of these categories, we were able to devise very focused tests that cost less than an entire exome to perform. We reserved whole-exome sequencing for the few clinical categories that were too broad for focused screening and for the cases that showed negative results after the initial test. We reserved wholegenome sequencing for 4 families that had a phenotype that strongly implicated a single gene (e.g., patient B in Fig 7) , but had no mutations in the coding sequences of that gene. Although this tiered approach resulted in some patients having 2 or even 3 molecular evaluations, the focused tests were so inexpensivedless than half the cost of an exome on averagedthat the tiered strategy was overall less expensive than it would have been if we performed whole-exome sequencing on every patient (Fig 4) . The very customized nature of the prescreening tests also allowed very challenging portions of the genome to be analyzed successfully, such as the highly repetitive portion of exon 15 in RPGR that is uninterpretable with most NGS methods. As a result, the sensitivity of our current tiered approach is 6.1% higher than an entirely wholeexome sequencing strategy would be.
Although the tiered strategy currently is 17.7% less expensive overall in our hands than an entire whole-exome sequencing approach would be in the same laboratory using the same personnel, this modest overall cost savings is not the main reason that we use or recommend this approach. The main reasons are to keep the average FGR as low as possible and to detect important disease-causing mutations that otherwise would be missed (patients AeC in Figs 6e8). The clinical pretest decision making necessary to achieve the low FGR results in a very low test cost for a large fraction of the patients (Fig 4) . This savings in reagent cost and laboratory bandwidth then can be used to pursue much more expensive investigations, such as cloning the repetitive region of RPGR exon 15, in the subset of patients that need it. This results in a higher overall sensitivity of the strategy at a lower cost. It is important to note that as the cost of whole-exome sequencing and the associated analysis continues to fall, it will not supplant the value of specific prescreening tests for many clinical categories until the whole-exome sequencing cost falls to less than that of a single Sanger sequencing reaction. For 13 of the 25 families with clinical Bardet-Biedl syndrome in this cohort, their mutations were found in BBS1, and all 13 of these harbored at least 1 M390R allele. As a result, we recommend performing a Sanger sequencing reaction in search of this mutation in all Bardet-Biedl syndrome patients before proceeding to whole-exome sequencing until the total cost of the latter falls to less than $50.
It is interesting to consider what would happen to the data shown in Figures 4 and 5 if the research cost of wholeexome and whole-genome sequencing became one tenth what it is today (i.e., $120 and $245 per person, respectively). At these price points, the cost of the sequencing would be dwarfed by the cost of the sample handling, quality control measures, bioinformatic analysis, report writing, and genetic counseling. As a result, our ratio of whole-exome sequencing to whole-genome sequencing likely would be the inverse of what it is today, and we also would perform many fewer prescreening tests. Most of the latter would be performed to cover the low-complexity parts of the genome that will continue to elude scrutiny by NGS methods. The overall sensitivity of the testing strategy would increase by a few percent because whole-genome sequencing is better at detecting copy number variations. However, the need for a narrow pretest hypothesis would be identical to the need today because the average FGR per base pair of investigated genome is an immutable fact of nature that is completely unaffected by the costs of the methods we use or the speed with which we use them.
One might expect that our next step in studying the cohort presented in this article would be to perform wholegenome sequencing in the 240 families that have yet to have their disease-causing mutations identified. However, it is important to note that these families harbor an average of 16.5 plausible disease-causing mutations among the 305 candidate genes we considered in this study (Fig 1) . It seems most likely to us that most of the genotypes remaining to be discovered in this cohort lie at least in part among the coding sequence variations that we already have detected or the coding sequences of other genes and that further clinical investigation of these families is likely to be more fruitful than increasing the number of rare variants to consider by more than 2 orders of magnitude. The aggressive ascertainment of additional members of these 240 families will allow us to strengthen or rule out many of the plausible disease-causing variants we already have identified on the basis of their segregation within the families. Continued scrutiny of the families with positive results in this cohort also may reveal some characteristic clinical features that would favor a specific 1-allele hypothesis sufficiently such that whole-genome sequencing would be indicated in that family. This families first strategy would not change even if the cost of whole-genome sequencing fell 10-fold. As noted above, the reason for this is that the amount of normal genetic variation in the genome is extremely large and independent of sequencing cost. The most powerful resources for overcoming this noise are, and will continue to be, large and well-characterized patient resources. 28, 33 The disadvantages of a tiered testing strategy are that it requires very accurate communication between the clinic and the laboratory to gain the benefits described in this study and that tiered tests take much longer to perform than fragment capture panels. Although there are few situations in which a 3-or 4-month difference in testing time is clinically significant for a patient with a slowly progressive retinal degeneration, it is unquestionable that many families are anxious to have the cause of their disease identified as quickly as possible. The keys to keeping the FGR down and sensitivity high are (1) to make the best clinical diagnosis possible before ordering a genetic test and to use this diagnosis to choose the simplest test that is likely to yield a finding for that diagnosis, (2) to obtain samples from parents and siblings of simplex families and as many affected individuals as possible from multiplex pedigrees for use in evaluating the results in the proband, (3) to know the cost breakpoint between multiple focused prescreens and whole-exome sequencing and to switch to whole-exome sequencing before exceeding that breakpoint, and (4) to take advantage of the slow progression of most of these diseases by trying to have a result for the patient at their next visit, instead of some arbitrarily short turnaround time that will inflate the cost of the test artificially.
Although the 76% sensitivity achieved in this study is a far cry from the 0% of 1986, it is likely to become even higher as we continue to analyze the 240 probands of this cohort whose molecular pathophysiologic features have yet to be determined. Some of the probands in this cohort are likely to have had inflammatory insults to their retinas that mimic Mendelian disease, and it is possible that a predisposition to such disease may be detectable in their DNA as our knowledge of the genetics of the immune system continues to expand. There will certainly be additional diseasecausing genes identified in the future by subjecting cohorts like this one to more sophisticated analysis or by studying multiplex families who lack mutations in currently known genes. There are also likely to be additional examples of nonexomic 29, 33, 46 and mitochondrial disease discovered, as well as convincing cases of multiple genes interacting with one another to cause disease. 47, 48 One advantage that we have today over 1986 is the ability to perform many genetic tests recursively, in silico, using inexhaustible data that are stored on servers instead of exhaustible DNA stored in freezers. Another advantage is the ability to derive phenotypically accurate retinal cell cultures from accessible tissues like skin and to use these cells to test hypotheses that are generated from the DNA analysis. 29, 40, 46 However, the most valuable resources needed to make these new discoveries are unchanged from 1986: relatively large numbers of patients with exceptionally detailed clinical information and large numbers of affected and unaffected family members that can be used to evaluate the many hypotheses that arise when studying the probands. As a result, the astute clinician, who is a good observer and record keeper and who is willing to do whatever is necessary to find the correct answer and an effective treatment for his or her patient, remains the most valuable component of the entire effort.
